Abstract. We derived model atmosphere parameters (T eff , log g, [Fe/H], Vt) for 90 metal-deficient stars (−0.5 < [Fe/H] < −3), using echelle spectra from the ELODIE library ). These parameters were analyzed and compared with current determinations by other authors. The study of the following elements was carried out: Mg, Si, Ca, Sr, Y, Ba, La, Ce, Nd, and Eu. The relative contributions of s-and r-processes were evaluated and interpreted through theoretical computations of the chemical evolution of the Galaxy. The chemical evolution models (Pagel & Tautvaišienė 1995; Timmes et al. 1995) Travaglio et al. (2001a) suggests that at [Fe/H] < −2.5, the essential contribution to the n-rich element abundances derives from the r-process. The main sources of these processes may be low mass SN II. The larger dispersion of s-process element abundances with respect to α-rich elements may arise both from the birth of metal-poor stars in globular clusters with following different evolutionary paths and (or) from differences in s-element enrichment in Galaxy populations.
Introduction
The abundances of neutron-capture elements in metaldeficient stars provide an important clue to the chemical evolution and early enrichment of the Galaxy. Two main mechanisms are responsible for the production of these elements: the r-process (for "rapid" neutron capture) and the s-process (for "slow" neutron capture), depending on the intensity of the neutron flux available (Burbidge et al. 1957) . In general, the r-and s-process syntheses are supposed to occur at different stages of a star's lifetime. The r-process nuclei are synthesized in massive stars that explode as Type II supernovae (SNe) (Cowan et al. 1991) . The s-process is traditionally divided into two types: the weak s-component and the main s-component. The weak s-component is responsible for the production of lighter elements (Sr, Y, Zr) during core-He burning and shell-C burning in massive stars (Lamb et al. 1977; Send offprint requests to: T. V. Mishenina, e-mail: tamar@deneb.odessa.ua Based on spectra collected at the Observatoire de HauteProvence (OHP), France et al. 1991 France et al. , 1992 ). The main s-component elements (heavier than Sr) can be synthesized during the thermal pulses in the AGB phase of intermediate-and low-mass stars (Iben & Renzini 1982; Hollowell & Iben 1989) .
In some works concerning n-capture element determinations (Spite & Spite 1978; Gilroy et al. 1988) , the enrichments relative to iron have been found not to follow that of α-or iron-peak elements. Truran (1981) speculated that, for low metallicity stars, this might be caused by the dominant role of the r-process. Later studies considered both the r-, and s-process contributions in metaldeficient stars (Gratton & Sneden 1994; McWilliam et al. 1995; Ryan et al. 1996) . Gratton & Sneden (1994) discovered that the relative contribution of the s-process is smaller in metal-poor stars than in the solar system, but that it is not negligible, even in stars as metal-poor as [Fe/H] = −2.5. McWilliam et al. (1995) Spite & Spite (1978) . This observation implies that a distinct phase of nucleosynthesis occurred before the Galaxy reached [Fe/H] = −2.4. McWilliam et al. (1995) also found that the dispersions in some heavy element abundances (Sr for example) represent a scatter in the original stellar compositions at [Fe/H] < −2.5. Ryan et al. (1996) showed that [Sr/Fe] exhibits a spread larger than 2 dex at [Fe/H] < −3, while [Ba/Fe] shows a scatter lower than that of [Sr/Fe] . The above-mentioned facts may have arisen from the weak s-process in massive stars or by r-processing. Investigation of more metal-deficient stars (McWilliam 1998; Sneden et al. 1998 ) confirmed the significant scatter in n-capture species at low metallicities. Burris et al. (2000) also found that the n-abundances show clear evidence for a large star-to-star dispersion at low metallicity. They confirmed that at [Fe/H] < −2.4, the abundance pattern of the heavy n-capture elements is well-matched to a scaled Solar System r-process nucleosynthesis and that the contributions from the s-process can first be seen in some stars with metallicities as low as [Fe/H] ∼ −2.75, and are present in most stars with metallicities [Fe/H] > −2.3.
The n-capture element enrichment of the Galaxy has been considered in several chemical evolution models (Pagel & Tautvaišienė 1995 Travaglio et al. 1999) . The inhomogeneous enrichment of the Galaxy has been studied by Raiteri et al. (1999) , Tsujimoto et al. (2000) , and Travaglio et al. (2001a) .
The theory of galactic chemical evolution (Pagel & Tautvaišienė 1995 ) predicts enrichment by r-process elements (Eu, Th) from type II supernovae and implies two separate time scales for s-process elements from AGB stars -of the order of 37 Myr and 2.7 Gyr, corresponding to progenitor masses of about 8 M and 1.5 M , respectively. This analytical model adopted a scheme of gas infall, the effect of which is a dilution of the metallicity of the interstellar matter at irregular intervals. This could provide an observational scatter in abundances of the order of 0.15 dex.
The influence of AGB stars with various masses on the chemical enrichment of the Galaxy has been studied in some recent works (for example Travaglio et al. 1999; Gallino et al. 2000; Travaglio et al. 2001b ). According to model of Travaglio et al. (1999) , stellar yields for nrich nuclei have been separated into their s-process and rprocess components. The s-process-component yields proceed from AGB stars with masses 2-4 M and depend on stellar metallicity; the r-process is a primary process, possibly occurring in low mass SNII progenitors (8-10 M ). Lately, numerical techniques based on N -body/smooth particle hydrodynamic codes have been used to investigate galactic chemical evolution, in particular, Ba enrichment in the work of Raiteri et al. (1999) . They showed that two Ba sources (low mass SNII, via a primary r-process and low mass AGB stars) can explain the Ba behaviour at different [Fe/H] values.
One of the proposed inhomogeneous chemical evolution models of the Galaxy is the Monte Carlo model by Travaglio et al. (2001a) . It is based on the idea of fragmentation and coalescence between interstellar gas clouds, taking into account the effects of local enrichment and mixing of the halo gas, and is focussed on elements like Eu, produced by r-process from relatively low mass SN and Ba and Sr, for which the s-process contribution is larger. In the case of Eu production from high-mass SN (15-25 M ), the time delay in the enrichment of Eu with respect to Fe would be too small to explain the observed spread in [Eu/Fe] 
The important role of the neutron capture elements in chemical evolution theories was emphasized by the investigation of abundances in mildly metal-poor stars ([Fe/H] ∼ −1) by Jehin et al. (1999) . They have suggested a scenario of formation of metal-poor stars based on two distinct phases of chemical enrichment. The first phase essentially consists of supernova explosions of massive stars and the second of contributions from stellar winds of intermediate mass stars. So, Jehin et al. (1999) assume that all thick disk and field halo stars were born in globular clusters, from which they escaped, either during an early disruption of the cluster (Population IIa) or, later, through an evaporation process (Population IIb).
Recent studies of the neutron-capture-element production in our Galaxy have made noticeable progress, but uncertainties still remain. First of all, there is the amount of scatter in s-and r-element abundances. For this, various explanations exist for example, the diffusion of stellar orbits (Fuchs et al. 1994) . The use of homogeneous observational high-dispersion data for a large sample of objects and a uniform approach in the data reduction and in computations allows us to exclude scatter due to observational and modeling errors and permits us to test theories of galactic chemical evolution more confidently.
To understand the role of n-capture element abundances in the chemical evolution of the Galaxy we had to address the following points: 1) Analysis of the main parameters of metal-poor stars, begining with the effective temperatures T eff and the surface gravities log g; 2) Examination of the contributions from r-, s-process in ncapture element abundances on the basis of extensive stellar observational data; 3) Comparison of the α-, n-capture element abundances with the prediction of the theories of galactic chemical evolution (Timmes et al. 1995; Pagel & Tautvaišienė 1995 Travaglio et al. 1999; Travaglio et al. 2001a ); 4) Investigation of the presence of two subpopulations among metal-poor stars, revealed by Jehin et al. (1999) .
Observations and data reduction
90 target stars (Table 1) were selected from a library of high-resolution spectra according to the criteria of −0.5 < [Fe/H] < −3. These values of [Fe/H] correspond to the stars that belong to the thick disk and halo. The diagram of M bol vs. b − y for program stars is presented in Fig. 1 . B − V and b − y were taken from the SIMBAD database; M bol -bolometric magnitudes are from Soubiran et al. (1998) . The spectra of the library were obtained with the echelle spectrograph ELODIE attached to the 1.93 m telescope at the Observatoire de Haute-Provence. They cover the spectral range 4400-6800Å, the resolving power was R = 42 000, S/N was about 100 or higher. The spectra were straightened, cleaned from cosmic ray hits, bad pixels and telluric lines ). The continuum level tracing, wavelength calibration and equivalent width (EW) measurements were carried out by us using the DECH20 code (Galazutdinov 1992) . Equivalent widths of the lines were measured by Gaussian function fitting.
The accuracy of the equivalent widths was estimated by comparing them to some independent measurements by other authors: the mean difference between EW of HD 76932 by Jehin et al. (1999) and us is (EW(Jeh)-EW(our)) = −2.72 (σ = ±2.8) for 55 lines; for the Mg I line (5711Å) in 18 common stars with Pilachowski et al. (1996) , this difference is EW(Pil)-EW(our) = −0.12 (σ = ±3.2). The comparison of the equivalent widths is shown in Figs. 2 and 3.
Atmospheric parameters
The choice of the right effective temperature T eff and the surface gravity log g is very important for the chemical composition of metal-poor stars. As one can see from the literature (Cayrel de Strobel et al. 1997) , the T eff values obtained by different authors demonstrate considerable scatter -up to 400-600 K, -that generates uncertainties in abundances as large as 0.5 dex and more. A striking example of this is the use of a high temperature scale (King 1993) to resolve the problem of discrepancy between Teff (Soubiran) Teff(our) Fig. 8 . The comparison of the adopted T eff with those derived by Soubiran et al. (1998) oxygen abundances obtained from the forbidden and permitted O I lines. Recently, some new methods to derive more accurate T eff values have been developed, namely: a) the semi-direct Infrared Flux method (Alonso et al. 1996b (Alonso et al. , 1999a ; b) Balmer line-profile fitting (Fuhrmann et al. 1994; Axer et al. 1995) ; c) new calibrations of T effphotometric indices relations (Alonso et al. 1996a (Alonso et al. , 1999b Gratton et al. 1996) . These approaches provide the accuracy of T eff determinations at about ±100 K or better. The effective temperatures of the program stars were determined from the H α line-wing fitting. The far wings of H α are independent from gravity, metallicity and convection of the atmosphere model (Gratton et al. 1996) . We used this approach for stars with T eff > 4800 K. At lower T eff (for cool stars) the H α line profile becomes very narrow, the wing extent is small and it results in lower Teff (Alonso) Teff (our) Fig. 10 . The comparison of the adopted T eff with those derived by Alonso et al. (1996a Alonso et al. ( , 1996b 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000 Fig. 11. The comparison of the adopted T eff with those derived by Gratton & Sneden (1994) , McWilliam et al. (1995) , Pilachowski et al. (1996) and Jehin et al. (1999) accuracy of T eff determinations. Synthetic profiles of the H α lines were computed by the STARSP code (Tsymbal 1996) . As a first approximation, for T eff we took the values of Soubiran et al. (1998) . For stars with T eff < 4800 K, T eff were determined under the condition that the abundances obtained from individual Fe I lines must be independent of the excitation potential E low . Both methods (based on H α and on Fe I lines) are not dependent on photometric indices, calibrations, interstellar reddening and take into account the individual characteristics of a star's atmosphere. The gravity has been determined by forcing Fe II to yield the same total iron abundance as Fe I. Microturbulent velocities V t were determined by forcing the abundances determined from individual Fe I lines to be independent of equivalent width. Starting with V t = 1.5 km s −1 , we varied it until abundances computed for Fe I lines (20 mÅ < EW < 150 mÅ) and plotted as a function of EW-s showed Zero slope. The precision of the microturbulent velocity determination is 0.2 km s −1 . Corresponding estimates for T eff and log g are ±100 K and ±0.3 dex, respectively. The adopted parameters of the program stars are given in Table 1 . The relations between the obtained characteristics are represented in Figs. 4-7. Figure 4 exhibits the presence of dwarfs, subgiants and giants among our target objects. The V t -log g diagram (Fig. 6) shows that a distinct relation for giant stars exists (0 < log g < 3).
The M bol -log g diagram (Fig. 7) reflects the wellknown connection between the surface gravity of the star and its luminosity. To check the adopted model atmosphere parameters, we compared our values for T eff with those derived by Soubiran et al. (1998) , Axer et al. (1995) , Alonso et al. (1996a Alonso et al. ( , 1996b , Gratton & Sneden (1994) , McWilliam et al. (1995) , Pilachowski et al. (1996) and Jehin et al. (1999) . See Figs. 8 to 11 for the comparisons. We also made comparisons for log g, [Fe/H] and V t (for example, see Fig. 12 ). The mean differences between data obtained by us and by other authors are given in Table 2 . On the whole, the agreement is close and within the errors of determinations (<1σ). In Fig. 8 (T eff (Sub)-T eff (our)), three stars HD 108317, HD 166161, HD 218502 drop out from the average dependence (∆T eff = -167, -315, -270 K, respectively), but do not show any slope between the iron abundance determined from Fe I lines and its excitation potential E low .
The values of ∆ log g are higher with respect to σ than those of T eff . Various interpretations of this effect are possible. One of them is non-LTE effects in the atmospheres of metal-poor stars (see Thévenin & Idiart 1999 and also below) .
Although the values of ∆ log g are within the determination errors, we estimated that it could have an effect on the abundance derivations. The uncertainty of 0.18 dex in log g corresponds to 0.05 dex in abundances determined from singly ionized species and it is negligible (<0.01 dex) in the case of neutral species. It should be noted that the combined effects of even larger differences between the values of T eff and log g from Axer et al. (1995) and ours lead to changes in [Fe/H] of only 0.02 dex.
Abundance determination
We selected about 150 unblended lines of Fe I, Fe II, Mg I, Si I, Ca I, Sr I, Y I, Ba II, La II, Ce II, Nd II and Eu II. The list of lines and atomic line data for n-capture elements are given in Table 3 . Unblended lines were identified by calculating the synthetic spectrum for the observed wavelength region using the STARSP code (Tsymbal 1996) . In our analysis, we did not use the lines with EW > 150 mÅ to avoid the problems arising from the fact that a significant fraction of the flux in these lines originates in high layers, where the model atmospheres are less reliable, especially for low temperatures (T eff < 4500 K).
An elemental abundance analysis of the program stars was carried out using the WIDTH-9 code by Kurucz, with Kurucz's model grids (1993) and oscillator strengths log gf (G, K) from the paper of Gurtovenko & Kostyk (1989) . Oscillator strengths from this source for some of the elements (including Ba, Eu) allow for the effect of hyperfine structure. The required radiative and collisional damping constants are from Kurucz (1993) . Appropriate models for each star were derived by means of standard Jehin et al. (1999) , Gratton & Sneden (1994) , Pilachowski et al. (1996) ; 2 - Soubiran et al. (1998); 3 -Axer et al. (1995); 4 -Alonso et al. (1996a 4 -Alonso et al. ( , 1996b 4 -Alonso et al. ( , 1999a 4 -Alonso et al. ( , 1999b . interpolations through T eff and log g within the grid of model atmospheres used (Kurucz 1993) . The model metallicities were taken with the accuracy ±0.25 dex (the choice of this model parameter should not be very important for our stars, because it is hydrogen that is the main electron donor in metal-deficient atmospheres). We found that the change by ±0.25 dex in the model metallicity causes changes as small as 0.001 in the derived abundances. All abundances in this paper have been derived using the LTE assumption, despite numerous examples of non-LTE departures in metal-poor stars discussed in the literature. For example, Magain (1989) reported such findings for Fe I and Mg I lines in two halo stars HD 19445 and HD 140283. However, in our analysis we did not see any systematic decrease of Fe abundances with increasing excitation potential E low for these two stars (see, for example, Fig. 13 for HD 19445) . The effects of non-LTE for Fe and Mg lines were investigated by Gratton et al. (1999) . Using 60-level model of the iron atom, they found negligible departures from the LTE in high gravity stars and slightly more pronounced effects in low gravity stars, which is evidently due to the less efficient thermalization by collisions in giants. Non-LTE corrections for Fe lines are very small in dwarfs, and only small corrections (<0.1 dex) are expected for giant stars. The main non-LTE effect for Mg is overionization, but for high excitation lines these corrections are small in cool dwarfs (T eff < 6000 K) and larger in warmer dwarfs (≈0.15 dex). Corrections are larger also in giants, where collisions less efficiently compete with photoionization. To alleviate this effect in giant atmospheres, we used only high-excitation lines of Mg I. Besides, only three stars in our pool have T eff > 6000 K. Fulbright (2000) investigated the abundances of 168 metal-poor dwarfs and showed that effects of non-LTE on the analysis of Fe I lines are very small on average. Spectroscopicallydetermined surface gravities are quite close to those obtained from Hipparcos parallaxes. Non-LTE calculations for Ba were performed in the work by Mashonkina et al. (1999) . They showed that corrections are small for subordinate lines (<0.08 dex) and increase to 0.20 for the Ba II resonance line λ4554 mÅ. Departures from the LTE get stronger with lower metallicity, depend on temperature and microturbulence but are insensitive to surface gravity and EW. However, the observed underabundance of Ba at the considered low metallicities is 1.0-1.5 dex, and this amount cannot be removed completely only by accounting for these corrections. Therefore, we consider our analysis to be quite robust against non-LTE effects.
The abundances of investigated elements with respect to the Sun [El/Fe] are given in Table 4 . Solar abundances were calculated with the log gf (G, K) values and the solar model of Kurucz (1993) . Solar EWs for the adopted line list were measured by us in the spectra of the Moon taken from the ELODIE library ). The abundances thus derived are in a good agreement with those given in the paper of Gurtovenko & Kostyk (1989) .
For the elemental abundances derived from lines of neutral atoms, the effective temperature uncertainty is the most important: the total errors are within the limits of 0.04 to 0.12 dex. For the abundances derived from ions, the errors in log g are more significant: for neutron capture elements, the total errors are of the order of 0.2 dex. 
Results and discussion

α-chain process elements
Massive stars which explode as supernovae are responsible for most of the elements heavier than helium produced in the Galaxy. According to the fundamental paper by Burbidge et al. (1957) , all known nuclear species are produced in separate processes. To carry out the correct analysis of n-capture element abundances, we also considered α-element abundances. We investigated Mg, Si, Ca, and excluded Ti, which is sometimes referred to as an ironpeak element (Timmes et al. 1995) , but whose overabundance at low metallicities follows the α-pattern behaviour.
In Fig. 14 we plotted our abundances together with the tracks computed by Timmes et al. (1995) and by Pagel & Tautvaišienė (1995) within the framework of their theories of the chemical evolution of our Galaxy. The thick solid line represents the results of Pagel & Tautvaišienė (1995) . The thin solid line corresponds to the data from Timmes et al. (1995) , the dashed line shows variation of the iron yield by a factor of two and the dotted line reflects a variation in the exponent of the initial mass function by 0. Pagel & Tautvaišienė (1995) , as one can see from Fig. 14. The discrepancy between the tracks for Mg of the two models is evident, and exist "for reasons which are not yet clear" (Pagel & Tautvaišienė 1995) . Both models assume that magnesium is a pure product of massive supernovae SNII. The best fit model of Timmes et al. (1995) to the [Mg/Fe] observations may be a systematic reduction of the iron yields from massive stars by a factor of two and a small magnesium contribution originating from another source (Timmes et al. 1995) . The mean values of α-element abundances deduced in this work and the comparison with those obtained in other papers are given in Table 5 . The difference between <[α/Fe]> obtained in various papers is within the errors of the determinations.
n-capture elements
The mean values of n-capture element abundances for our program stars are given in Table 6 . Understanding of the s-weak, s-main and and r-process relative contributions is crucial for the development of the modern chemical evolution theories of our Galaxy. Investigation of these processes in the Solar System was carried out by Käppeler et al. (1989) , Raiteri et al. (1991) and, more recently, by Arlandini et al. (1999) . They conclude that more than 90% of Eu should come from the r-process. The study of the trends of relative abundances vs. [Fe/H] is important to investigate the influence of the n-capture elements in the enrichment of the Galaxy. Relative abundances of Sr, Y, Ba, La, Ce, and Nd to Eu may indicate the efficiency of the s-process at the epochs at which different metallicities were established (see Fig. 15 Mashonkina et al. (1999) , by direct determination of the odd-to-even isotopic ratio from the Ba II resonance line, showed for two stars that they had been formed from a material whose barium content originated mainly in the s-process have been computed assuming two separate time scales for s-element production, of the order of 37 Myr and 2.7 Gyr, corresponding to progenitor masses of about 8 M and 1.5 M respectively. Now, let's compare our results with the chemical evolution theory of Travaglio et al. (1999) , which considers AGB stars of different masses and relatively low-mass type II SN as the production sites ( Fig. 18 ) of s-and r-elements. Ba, La, Ce, Nd, and Eu, which contain species of very different origin (mostly rprocess production for Eu and s-process for Ba), were analyzed by these authors. , this is linked both to the long time scales of low mass star evolution and to the efficiency of s-element production in AGB stars of different metallicities. Figure 18 represents the behaviour of these elements among the three populations of the Galaxy (the solid line corresponds to thin disk, the dotted line to the thick disk, the dashed line to the halo). For La, Nd, and Eu the agreement with observed data is good, while Ce and, especially, Ba show some scatter. It may be due to the fact that at [Fe/H] < -1.5 ÷ -2.0, the inhomogeneous models of chemical evolution are required. Some of our target stars show that the r-process contributes to Ba, Y and Ce abundances at [Fe/H]< −2.0. Sr shows larger scatter. McWilliam et al. (1995) and Ryan et al. (1996) found larger dispersion in [Ba/Fe] and [Sr/Fe] at lower metallicities ([Fe/H]< −2.5) and interpreted this as evidence of the formation of our Galaxy at early times by mergers of fragments with various proper enrichments (Searle & Zinn 1968) . Recently, inhomogeneous chemical evolution models have been constructed by Raiteri et al. (1999) Jehin et al. (1999) suggested an interesting idea for the origin of metal-poor stars. They assumed that scatter in the s-process element abundances is caused by the different birth places of stars: all thick disk and field halo stars were born in globular clusters, from which they escaped either during an early disruption of the cluster (PopIIa) or, later, via evaporation processes (PopIIb). In our sample stars, the observed scatter in s-process element abundances (1σ ≈ 0.15-0.20 dex) is larger than in α-element abundances (1σ ≈ 0.1 dex). Fig. 24 ). Our data (filled circles) reproduce well the "Two branches diagram" (Jehin et al. 1999; open circles 
From globular clusters to field stars
Conclusions
We derived model atmosphere parameters (T eff , log g, [Fe/H], V t ) for 90 metal-deficient stars (−0.5 < [Fe/H] < −3), using eshelle spectra from the ELODIE library ). These parameters were analyzed and compared with current determinations by other authors. Timmes et al. (1995) and Pagel & Tautvaišienė (1995) . A discrepancy between the calculation of [Mg/Fe] vs. [Fe/H] and the one from the model of Timmes et al. (1995) was found. The trends of n-capture elements vs. metallicity are well described both by the model of Pagel & Tautvaišienė (1995; and by the model of Travaglio et al. (1999) Ryan et al. 1996; McWilliam 1998; Sneden et al. 1998) . Understanding of the n-capture enrichment at [Fe/H] < −1.5 relies on the current and future stochastic models of the early halo. The main conclusions are as follows: 1. The chemical evolution models (Pagel & Tautvaišienė 1995; Timmes et al. 1995) Pagel & Tautvaišienė (1995) than those of Timmes et al. (1995) , despite the fact that both models assume one unique source of Mg enrichment -massive SN II; 2. The runs of n-capture elements vs metallicity are well described both by the model of Pagel & Tautvaišienė (1995 and by the model of Travaglio et al. (1999) at [Fe/H]> −1.5, when the matter of the Galaxy is sufficiently homogeneous;
3. The analysis of n-capture element abundances confirms the jump in [Ba/Fe] at [Fe/H] = −2.5; 4. At [Fe/H] < −2.5 ÷ −2.8, the essential contribution to the n-rich element abundances derives from the r-process. The main sources of these processes may be SN II;
5. The scatter in the n-capture elements is not due to errors in the determinations; it may reflect the inhomogeneous nature of the ISM at early stages of galactic evolution. It requires taking into account the formation of n-elements in individual nucleosynthetic events for early halo enrichment models; 6. The large dispersion of n-rich element abundances may be due both to the different contributions from the s-and r-process, that appear at different epochs, and to a more inhomogeneous mixing of r-process nuclei with respect to α-rich ones.
